In vivo, the weakly basic, lipophilic drug chloroquine (CQ) accumulates in the kidney to concentrations more than a thousand-fold greater than those in plasma. To study the cellular pharmacokinetics of chloroquine in cells derived from the distal tubule, Madin-Darby canine kidney cells were incubated with CQ under various conditions. CQ progressively accumulated without exhibiting steady-state behavior. Experiments failed to yield evidence that known active transport mechanisms mediated CQ uptake at the plasma membrane. CQ induced a phospholipidosis-like phenotype, characterized by the appearance of numerous multivesicular and multilamellar bodies (MLBs/ MVBs) within the lumen of expanded cytoplasmic vesicles. Other induced phenotypic changes including changes in the volume and pH of acidic organelles were measured, and the integrated effects of all these changes were computationally modeled to establish their impact on intracellular CQ mass accumulation. Based on the passive transport behavior of CQ, the measured phenotypic changes fully accounted for the continuous, nonsteady-state CQ accumulation kinetics. Consistent with the simulation results, Raman confocal microscopy of live cells confirmed that CQ became highly concentrated within induced, expanded cytoplasmic vesicles that contained multiple MLBs/MVBs. Progressive CQ accumulation was increased by sucrose, a compound that stimulated the phospholipidosislike phenotype, and was decreased by bafilomycin A1, a compound that inhibited this phenotype. Thus, phospholipidosisassociated changes in organelle structure and intracellular membrane content can exert a major influence on the local bioaccumulation and biodistribution of drugs.
Introduction
Xenobiotics can accumulate and reach very high concentrations in specific sites in the body because of active transport across cellular membranes, binding and partitioning into cellular components, or sequestration within organelles driven by pH gradients and transmembrane electrical potentials present across phospholipid bilayers. For example, more than 30 years ago, de Duve et al. (1974) discovered that weakly basic molecules would accumulate within lysosomes by an ion-trapping mechanism. Ion trapping arises when a phospholipid bilayer separates two compartments of different pH levels. Under these conditions, basic membrane-permeant lipophilic molecules become protonated and charged preferentially in the acidic compartment. Because of the lowered membrane permeability of the charged form of the molecule, the molecule becomes concentrated in the acidic compartment. Since then, many weakly basic, lipophilic small molecules have been reported to be sequestered within lysosomes or other acidic, membrane-bound intracellular compartments through passive ion trapping (Gong et al., 2007; Hayeshi et al., 2008; Bawolak et al., 2010) .
However, detailed mass measurements have revealed that de Duve's classic ion trapping mechanism often underestimates the extent of sequestration of many weakly basic commulation of weak bases may also be influenced by active transport mechanisms or by the many concomitant changes in endolysosomal organelle structure and function, including alterations in pH and changes in membrane traffic, leading to the formation of new endolysosomal organelles with unique characteristics (Heuser, 1989; Honegger et al., 1993) . In some cell types, exposure to lipophilic weak bases induces a peculiar phenotype, "phospholipidosis" (Reasor and Kacew, 2001) , characterized by the formation of numerous, phospholipid-and cholesterol-rich multivesicular bodies (MLBs) and multilamellar bodies (MVBs). Physiologically, MLBs/MVBs are late endosomal compartments that normally form as a result of the activation of the ubiquitin-dependent membrane protein sorting and degradation pathway (Gruenberg and Stenmark, 2004; Piper and Katzmann, 2007; Saftig and Klumperman, 2009) .
Previously, we developed a computational model of cell pharmacokinetics to predict the intracellular accumulation and transcellular transport properties of small molecules across the cell monolayer (Zhang et al., 2006 (Zhang et al., , 2010 . By using the weakly dibasic, high-solubility drug chloroquine (CQ) (pK a 1 ϭ 9.96 and pK a 2 ϭ 7.47) as a test compound, the model was capable of capturing the transcellular transport kinetics for the first 4 h of drug treatment but underestimated the intracellular accumulation beyond the first 5 min of incubation (Zhang et al., 2010) . Experimentally, the initial rates of transport of CQ across cell monolayers were directly proportional to CQ concentrations in donor compartment. In addition, the transport of CQ across Madin-Darby canine kidney (MDCK) monolayers in the presence of a transcellular concentration gradient was similar in both apical-to-basolateral and basolateral-to-apical directions. No saturation or nonlinear kinetics were observed at CQ concentrations Ͻ500 M, as expected from a passive transport mechanism (Zhang et al., 2010) .
Here, we present an alternative hypothesis to explain CQ accumulation: that drug-induced phospholipidosis corresponds to an inducible, weak base disposition system, a mechanism promoting CQ sequestration within cells. We performed a detailed quantitative analysis of CQ pharmacokinetics in MDCK cells, a cell line that stably expresses the differentiated properties of distal tubular epithelial cells (Rindler et al., 1979) , extensively accumulates CQ, and exhibits a marked phospholipidosis-like response (Hostetler and Richman, 1982) corresponding to the phospholipidosis phenotype reported in the kidney cells of CQ-treated patients (Mü ller-Höcker et al., 2003) . The potential involvement of active transporters and plasma membrane-mediated uptake mechanisms was evaluated in the presence of extracellular pH changes, sodium-free medium, and organic cation transporter inhibitors.
Although the CQ concentration in plasma ranges between 10 and 250 nM (Walker et al., 1983; Bergqvist et al., 1985) , cells lining the distal tubules are exposed to 10 to 300 M CQ, corresponding to the concentrations measured in the urine of human subjects (Bergqvist et al., 1985) . Therefore, clinically relevant urine concentrations (0 -200 M) of CQ were used to mimic the physiological conditions of the distal tubule and used as input parameters to mathematically model transport behavior of CQ. Simulation results were compared with experimental measurements of intracellular CQ mass in dose-response and time course experiments, under conditions that either enhanced the phospholipidosis effect [cotreatment with sucrose (Wilson et al., 1987; Helip-Wooley and Thoene, 2004) ] or inhibited vacuolation [cotreatment with bafilomycin A1 ].
Materials and Methods
Cell Culture. MDCK cells were purchased from American Type Culture Collection (Manassas, VA) and grown in Dulbecco's modified Eagle's medium (DMEM) (GIBCO; Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (GIBCO; Invitrogen), 1ϫ nonessential amino acids (GIBCO; Invitrogen), and 1% penicillin/streptomycin (GIBCO; Invitrogen) at 37°C in a humidified atmosphere with 5% CO 2 . MDCK cells were seeded at a density between 1 and 2 ϫ 10 5 cells/cm 2 and were grown until a cell monolayer was formed as suggested by visual inspection.
Drugs and Chemicals. Chloroquine diphosphate, cimetidine (Cim), guanidine (Gua), and tetraethylammonium (TEA) were obtained from Sigma-Aldrich (St. Louis, MO) and dissolved in Dulbecco's phosphate-buffer saline (DPBS) (GIBCO; Invitrogen) at a concentration of 100 mM for storage at 4°C. Bafilomycin A1 (Baf), hemicholinium-3 (HC3), and hydrocortisone (HCor) (Sigma-Aldrich) were dissolved in dimethyl sulfoxide (Sigma-Aldrich) to a final concentration of 5 M (Baf) or 50 mM (HC3 and HCor) for storage at Ϫ20°C. 3-Methyladenine (3MA) (Sigma-Aldrich) was dissolved in warm DMEM at a concentration of 10 mg/ml immediately before use. Fluorescein isothiocyanate (FITC)-dextran (FD) (Sigma-Aldrich) was dissolved in DPBS at a concentration of 10 mg/ml for storage at 4°C. Fluorescent dyes including BCECF-AM, LysoTracker Green (LTG), and Hoechst 33342 (Molecular Probes; Invitrogen) were stored according to the manufacturer's instructions.
Measurement of LTG Fluorescence Intensity, Distribution, and LTG-Labeled Organelle Volumes. MDCK cells were grown on an optical bottom plate or chamber glass, subjected to various CQ treatments, stained with 0.5 M LTG for 30 min, and subjected to microscopic analysis in situ. A Nikon TE2000S epifluorescence microscope with standard mercury bulb illumination, coupled to a charge-coupled device camera (Roper Scientific, Tucson, AZ), with a 20ϫ objective ((Nikon Plan Fluor ELWD 20ϫ) or a 100ϫ oil immersion objective (Nikon CFI Plan Fluor 100ϫH oil), and a triple-pass DAPI/FITC/TRITC filter set (Chroma Technology Corp., Brattleboro, VT) was used to image the LTG-labeled cells. The 12-bit grayscale images were acquired with the FITC channel and background-subtracted. The LTG-labeled expanded vesicles (or the MLBs/MVBs contained within) were manually outlined with the Circular Region tool in MetaMorph software (Molecular Devices, Sunnyvale, CA). The volume and surface area of individual vesicles were calculated assuming a spherical shape. Fluorescence volume density was calculated as integrated intensity divided by vesicle volume. The total vesicular volume/surface area per cell under each treatment at each time point (0, 1, 2, or 4 h) was determined using 10 cells (Supplemental Fig. 1 , validation of method). Contrast and brightness were adjusted to the same level in all figures.
Raman Confocal Microscopy of CQ Distribution. MDCK cells were seeded on cover glass until confluent. CQ-treated cells were exposed to 10 M CQ for 12 h, followed by 100 M CQ for 2 h, and briefly washed in DPBS buffer before mounting on microscope slides. The induced Raman spectrum of solid CQ salt, 100 mM CQ solution in DPBS, and vesicular/cytosolic regions of the cells under various treatment conditions was acquired with a Renishaw inVia confocal Raman microscope coupled with a Nikon CFI Plan Fluor 100ϫH oil immersion objective and a charge-coupled device detector. The excitation wavelength was 514 nm. The exposure time was 30 s for each measurement, with spectral resolution set to 1.5 cm Ϫ1 , scanning from 400 to 3200 cm
Ϫ1
. All spectra were smoothened, baseline-subtracted, and normalized to the highest peak with an ACD/UV-IR Processor (ACD/Labs, Toronto, ON, Canada). To deter- mine the effect of pH on the Raman spectra of CQ, spectra of 100 mM CQ solution in pH 7, 6, and 5 buffers were also acquired.
Measurement of Lysosomal, Cytosolic, and Extracellular pH. pH measurements were performed using published methods (Nilsson et al., 2003) . To measure lysosomal pH, MDCK cells were incubated with 0.2 mg/ml FD in DMEM for 24 h in the dark before drug treatments. FD-loaded cells were washed twice with warm DPBS buffer and incubated in CQ-DMEM with or without sucrose (Suc) or Baf for 1, 2, 3, or 4 h. To measure cytosolic pH, BCECF-AM was added to a final concentration of 2 mg/ml during the last 30 min of drug treatment in the dark. At the end of treatments, cells on plate were washed twice with cold buffer before ratiometric analysis of the pH-sensitive FD or BCECF-AM fluorescence signal. Fluorescence data were acquired with a BioTek Synergy 2 Microplate Reader using an Ex485/20-Em528/20 filter set and an Ex450/50-Em528/20 filter set. Background fluorescence was acquired with dye-free untreated cells. Standard curves were obtained by first preloading untreated cells with 0.2 mg/ml FD for 24 h or 2 mg/ml BCECF-AM for 30 min, then equilibrating with 10 g/ml nigericin in different pH buffer, and finally scanning with the same filter sets as mentioned above. The fluorescence ratio (FR) was calculated as Measurement of Cell Volume. Cells were detached from the tissue culture plates after drug treatment by incubating them with 0.25% trypsin-EDTA (GIBCO; Invitrogen) for 15 min. The rounded, detached cells were imaged with a Nikon TE2000S inverted microscope under brightfield illumination with a 20ϫ objective (Nikon CFI Plan Fluor 20ϫ). In the images, the perimeters of the cells were manually outlined with the Circular Region Tool in MetaMorph, and cell volume was calculated from the radius of the outlined perimeter, assuming a spherical shape. For each treatment, 10 brightfield images (more than 100 cells) were collected after 1, 2, 3, or 4 h. The average cell volume was reported as the mean Ϯ S.D. over 4 h of treatment.
Measurement of the Cellular Partition Coefficient of CQ. MDCK cells were grown on tissue culture dishes treated with 50 M CQ for 4 h to induce vacuolar expansion and MLBs/MVBs. After this induction period, the cells were permeabilized with 0.1% saponin in DPBS buffer for 30 min to extract soluble cellular components while leaving lipids, DNA, and associated, insoluble cytoskeletal components. Permeabilized cells were then incubated with 100 M CQ for 1 h, washed twice, and centrifuged. Cellular lipids and associated molecules were extracted from the pellet with 1% Triton X-100 in DPBS for 1 h. Nuclei and other insoluble debris were spun down, and the amount of extracted CQ in the supernatants was determined by measuring absorbance at 343 nm using Microplate Reader. On the basis of electron micrographs, we estimated a Triton X-100-extractable, 5% lipid volume fraction in the cell. CQ concentration partitioned into the cellular lipid structures was calculated as bound CQ amount divided by the estimated lipid volume for the cells. The lipid partition coefficient was calculated as the logarithm of the lipid/ buffer CQ concentration ratio.
Probing the Mechanism of CQ Uptake with Transport Inhibitors. To study the effect of active cation transporters on CQ uptake, MDCK cells on 24-well tissue culture plates (Costar or Nunc)
were incubated with 50 M CQ in 0.5 ml of bicarbonate-free transport buffer (140 mM sodium chloride, 5.4 mM potassium chloride, 1.8 mM calcium chloride, 0.8 mM magnesium chloride, 25 mM d-glucose, and 10 mM HEPES, pH 5.5, 6.5, 7.4, and 8.5) or sodium-free, cholinebased transport buffer (substitute sodium chloride with choline chloride in the above transport buffer) at 37°C. To study the effect of autophagy, energy supply, vacuolar ATPase, organic cation transporters (OCTs) and pre-expanded lysosomal volume on CQ uptake, MDCK cells were incubated in 0.5 ml of DMEM containing 50 M CQ in the presence or the absence of 10 mg/ml 3MA (autophagy inhibitor), 5 M FCCP (mitochondrial uncoupling agent that disrupts ATP synthesis and cellular metabolism), 10 nM Baf (vacuolar H ϩ /ATPase inhibitor that disrupts endolysosomal pH gradients), 500 M Cim (OCT inhibitor), 500 M Gua (OCT inhibitor), 500 M HC3 (OCT inhibitor), 500 M TEA (OCT substrate/inhibitor), 20 M HCor (a hormone that stimulates OCT expression), or 0.1 M Suc (a treatment that enhances the phospholipidosis phenotype without competing with CQ uptake). Cells cotreated with CQ and Suc or HCor were preincubated with 0.1 M sucrose or 20 M hydrocortisone in DMEM for 24 or 48 h, respectively, before the experiments. CQ uptake was measured 0.5, 5, 15, 30, 60, 120, 180, or 240 min after the beginning of the incubation with Suc or Baf or 30 and 240 min after the beginning of incubation with other compounds. For CQ uptake measurements, three of the four replicates under the same treatment were briefly washed with cold buffer and lysed in 1% Triton X-100 for 1 h. The lysates were centrifuged at 15,000 rpm for 10 min, and the supernatant was collected for CQ measurement by reading absorbance at 343 nm using Microplate Reader. Intracellular CQ mass was normalized by the number of cells per well as evaluated by counting cells in the fourth replicate well. Background signal from 0 M CQ treatment was subtracted, and CQ mass was calculated with the aid of a standard curve. The results are expressed as mean Ϯ S.E.M. from three independent experiments for each time point. Measurement of MLB/MVB Morphology. For transmission electron microscopy, MDCK cells were grown on a tissue culture dish (Falcon; BD Biosciences Discovery Labware, Bedford, MA), incubated with 50 M CQ for 4 h, washed twice with serum-free DMEM, fixed with 2.5% glutaraldehyde in 0.1 M Sorensen's buffer at pH 7.4 at 37°C, and washed three times for 5 min each with 0.1 M Sorensen's buffer. Cells were fixed with 1% osmium tetroxide in 0.1 Sorensen's buffer for 15 min at room temperature and washed three times with doubledistilled water. Cells were incubated with 8% uranyl acetate in doubledistilled water for 1 h at room temperature, dehydrated in a graded ethanol-water series (50, 70, 90, and 100%, 5 min each), infiltrated in Epon resin, and polymerized at 60°C overnight. Cells were sectioned and photographed with a Phillips CM-100 transmission electron microscope at magnifications from 2600 to 96,000ϫ. More than five cells were photographed for control and treated cells under each condition. Quantitative morphological analysis of EM images was performed with MetaMorph.
Mathematical Modeling of CQ Uptake. A multicompartment, constant-field, fixed-parameter mathematical model (Trapp and Horobin, 2005) was adapted to predict the passive membrane potential and pH-dependent ion-trapping behavior of CQ in MDCK cells. The original model was modified to incorporate the gradual volume expansion of the endolysosomal compartment induced by CQ, coupled to changes in extracellular concentration accompanying pronounced, intracellular CQ sequestration. In brief, the total change in CQ mass with time in each compartment was expressed by eqs. 1 to 4: jpet.aspetjournals.org
where M stands for the total mass, J indicates the flux, A and V indicate the membrane surface area and volume, respectively, of the specific subcellular compartments as indicated by the subscripts e, c, m, and l [extracellular compartment, cytosol, mitochondria, and (acidic) lysosomes compartment, respectively], and A c indicates the plasma membrane area of the cell. The comma between two subscripts means "to" (e.g., "J c, m " represents the flux from cytosol to mitochondria). With extracellular volume, cell volume, and mitochondria volume constant and lysosomal volume change, the concentration change in each compartment was expressed by eqs. 5 to 8:
For CQ, the total flux is contributed by a neutral form and two ionized forms with one or two positive charges (Zhang et al., 2010) . The total flux across membrane as contributed by three species can be calculated with Fick's equation and the Nernst-Planck equation:
where subscripts o and i indicate the outer and inner compartment, and n, d1, and d2 indicate neutral form, ionized form with one charge, and ionized form with two charges, respectively. P is the permeability across the bilayer membranes, and it was estimated on the basis of the logarithm of the octanol/water partition coefficient of CQ (logP o/w ) calculated with ChemAxon MarvinSketch 5.1.4 (http:// www.chemaxon.com) (Trapp and Horobin, 2005) . f represents the ratio of the activities (a n , a d1 , and a d2 ) and the total concentration. It can be calculated from lipid fraction and ionic strength in each compartment and the sorption coefficient for each species as estimated from logP o/w (Trapp and Horobin, 2005; Zhang et al., 2006) or the measured cellular partition coefficient (Zhang et al., 2010) . In eq. 9, N ϭ zEF/(RT), where z ϭ ϩ1 for N d1 (ionized base with one charge) and z ϭ ϩ2 for N d2 (ionized base with two charges) and E, F, R, and T are membrane potential, Faraday constant, universal gas constant, and absolute temperature, respectively. The rate of change in the vesicular volume was derived by fitting the volume measurement at each time point with a linear model. When CQ binding to MLBs/ MVBs was simulated, the measured cellular partition coefficient of CQ was used to estimate f. The ordinary differential equations were numerically solved with MATLAB ODE15s solver using the average value of each parameter to plot a kinetic curve of CQ intracellular accumulation. A model validation/consistency check was performed by summing CQ mass in all compartments during the simulation, confirming that total CQ mass in the system stays constant (mass balance). Parameter Sensitivity and Error Propagation Analysis. To determine whether variations in individual parameters would lead to a large variation in prediction, sensitivity analysis was performed by systemically changing one parameter at a time and plotting predictions against parameter values. In addition, Monte Carlo simulations were performed to assess the distribution of CQ accumulation values that would be consistent with uncertainties or experimental error of the input parameters. Parameter ranges were obtained on the basis of the error of experimental measurements or variations in the published literature reports (Supplemental Table  S1 ). MATLAB ODE15s solver was used to run 10,000 simulations during which simulation parameters were randomly sampled from uniform distributions within the range of parameter values (Supplemental Table S1 ). Histograms of simulation results were plotted with R (http://www.r-project.org).
Results

CQ-Treated MDCK Cells Undergo Marked Changes in Organelle Structure and Membrane Organization.
Electron microscopy was performed to study the effects of CQ on the membrane and organelle structure of MDCK cells during the course of a 4-h incubation period. Most strikingly, CQ induced the formation of numerous MLBs/MVBs within the lumen of expanded cytoplasmic vesicles (Fig. 1) . The expanded vesicles were approximately 1.50 Ϯ 0.34 m (n ϭ 20) in diameter. Within these expanded vesicles, there were many MLBs of 0.42 Ϯ 0.025 m (n ϭ 10) in diameter and MVBs of 0.39 Ϯ 0.03 m (n ϭ 10) in diameter. For MLBs, the spacing between membrane layers ranged from 24.0 to 29.2 nm (25.7 Ϯ 2.2 nm), and the apparent thickness of each layer varied from 22.5 to 24.0 nm (23.2 Ϯ 0.7 nm). For MVBs, the internal vesicles varied in size between 50 and 100 nm in diameter. It was generally the case that in the presence of CQ, each expanded vesicle contained several MLBs/MVBs. Without CQ treatment, control cells completely lacked these features (data not shown). (Fig. 1) . Images a to f were taken at 4-s intervals to show the Brownian movement of the bright MLBs/MVB particles within the lumen of the expanded vesicles. Scale bar, 2 m. B, after a 4-h incubation with different amounts of CQ, the fluorescence volume intensity per vesicle increased with CQ treatment. Five cells (more than 300 vesicles) were measured under the same treatment. Fig. 3 . CQ accumulates within enlarged MLB/MVB-positive vesicles. MDCK cells were treated with 10 M CQ for 12 h, which primes them for vacuolar expansion and MLB/MVB formation, followed by 100 M CQ for 2 h before imaging. For fluorescence microscopy, cells were incubated with 0.5 M LTG for 30 min immediately before imaging. A, LTG fluorescence (top) and the corresponding brightfield image (middle) of a representative CQ-treated cell was merged (bottom), showing the highly heterogeneous LTG fluorescence associated with MLB/MVBs within the expanded cytoplasmic vesicles. Scale bar, 4 m. B, analysis of intracellular CQ distribution by confocal Raman microscopy. Top, brightfield image showing 100 M CQtreated (a) and untreated (b) cells from which spectra were acquired. Scale bar, 5 m. Bottom, spectrum 1 was acquired from 100 mM CQ solution in buffer, as reference. Spectra 2 and 3 were acquired from the vesicles and cytosol of treated cells, respectively; spectra 4 and 5 were acquired from the vesicles and cytosol of untreated cells. In these spectra, CQ-specific Raman vibrational peaks (around wavenumbers 1370 and 1560) were identified on the basis of spectrum 1. The CQ-specific Raman signal was mostly localized within the expanded vesicles of CQ-treated cells.
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at ASPET Journals on June 20, 2017 jpet.aspetjournals.org Downloaded from CQ Accumulates within Induced, Expanded Vesicles. The MLBs/MVB-containing, LTG-labeled vesicles induced by CQ corresponded to large, clear vacuoles apparent by brightfield transmitted light microscopy (Fig. 3A) . Confocal Raman microscopic imaging was performed in CQ-treated (Fig. 3B, a) and untreated (Fig. 3B, b) cells. The signature Raman signal of CQ (Fig. 3B, spectrum 1 , arrows, 1370 and 1560 cm Ϫ1 ) was present in the vacuoles observed by brightfield transmitted light microscopy (Fig. 3B, spectrum 2 ), yet the CQ signal was mostly undetectable in the vesicle-free regions of the same cells (Fig. 3B, spectrum 3) . In control experiments, the signal intensity of the Raman vibrational peaks of CQ at 1370 and 1560 cm Ϫ1 were constant between pH 7 and 5 (data not shown), so differences in the pH of intracellular compartments cannot explain the observed, spectral differences in Raman signal. Furthermore, a CQ signal was completely absent from untreated cells (Fig. 3B , spectra 4 and 5). Given their small volume, the presence of Raman signals within the vacuoles of CQ-treated cells confirmed that CQ is highly concentrated within these vesicles.
CQ Uptake Is Coupled to Induction of Phospholipidosis-Like Phenotype and Cannot Be Inhibited by
OCT Inhibitors. Consistent with the neutral, membranepermeant form of CQ being mostly responsible for its passive cellular uptake, CQ uptake within the first 30 min was significantly reduced by lowering of extracellular pH (Fig. 4A ) but was not significantly affected by the presence of OCT inhibitors and a stimulator (Cim, Gua, HC3, TEA, or HCor) nor by the substitution of sodium with chloride in the transport buffer (Fig. 4B) . Incubation at 4°C reduced CQ uptake in the first 30 min, consistent with inhibited passive diffusion at low temperature, whereas preincubation with 0.1 M sucrose-DMEM, a treatment that induced lysosomal volume expansion, stimulated CQ uptake by 32% during this time (Fig.  4B) . Bafilomycin A1, a vesicular ATPase inhibitor that hampers the acidification of lysosomes, reduced CQ uptake by 21% within the first 30 min of CQ incubation, whereas the autophagy inhibitor 3MA did not (Fig. 4B) . After a 4-h treatment, a close correlation between CQ uptake (Fig. 4C ) and lysosomal volume expansion (Fig. 4D ) was observed: in cells treated with Baf and FCCP, CQ-induced vesicular expansion Fig. 4 . Temperature-and pH-dependent CQ uptake parallels the induced phospholipidosis effect and is insensitive to pharmacological inhibitors of organic cation transport. A, within 30 min CQ uptake (50 M) into MDCK cells was significantly reduced by lowering extracellular pH and lowering the temperature. Uptake experiments were performed in transport buffer. Control experiments were performed at pH 7.4 and 37°C. B, within 30 min of incubation, CQ uptake (50 M) and cellular vacuolation were not significantly perturbed by inhibitors of autophagy or active transport. Preincubation with 0.1 M sucrose in DMEM increased CQ uptake within 30 min, whereas cotreatment with bafilomycin A1 inhibited CQ uptake, but the difference was not significant. Uptake experiments were performed in choline-based transport buffer (Cho) and DMEM (all the other conditions). C and D, at the end of a 4-h incubation, CQ uptake and LTG-positive vesicular expansion were partially inhibited by FCCP, significantly suppressed by bafilomycin A1, but not reduced by the OCT inhibitor/stimulator, the autophagy inhibitor 3MA, or the sodium-free extracellular buffer. Con., control, 50 M CQ only; Cho, 50 M CQ in choline-based transport buffer; Cim, 500 M cimetidine; HC3, 500 M hemicholinium-3; Gua, 500 M guanidine; TEA, 500 M tetraethylammonium; HCor, 20 M hydrocortisone; FCCP, 5 M FCCP; 3MA, 10 mg/ml 3-methyladenine; Suc, 0.1 M sucrose; Baf, 10 nM bafilomycin A1. Data are presented as the mean Ϯ S.E.M from three experiments. ‫,ء‬ significant difference from control using an unpaired Student's t test (p Ͻ 0.05). N, nucleus. Scale bar, 10 m. was significantly suppressed and so was the cellular uptake; in cells treated with transporter inhibitors, sucrose or 3MA, no significant reduction in vesicular expansion nor cellular uptake was observed compared with that for CQ treatment alone. In the presence of Suc, 3MA, or other OCT inhibitors, we also observed LTG fluorescence accumulated in association with the MLBs/MVBs present within the induced, expanded vacuoles, as was observed in cells treated with CQ alone.
CQ Affected Organelle Volume and pH. LTG-positive (acidic) organelle volume and pH, as well as cell volume and cytosolic pH, were measured at various time points, during a 4-h CQ incubation period (Table 1) . Experiments were also performed in the presence of 0.1 M Suc, a treatment that perturbs endolysosomal membrane traffic and promotes a phospholipidosis-like phenotype (Helip-Wooley and Thoene, 2004) . CQ uptake measurements were also performed in the presence of 10 nM Baf, a treatment that inhibits the phospholipidosis effect. CQ-induced vacuolation was greater in the presence of sucrose compared with that in cells treated with CQ alone and was inhibited by Baf (Table 1) . Total cell volume significantly expanded in Suc but not in CQ or CQ/ Baf (Table 1 ). CQ (with or without Suc or Baf) increased vesicular pH during a 4-h incubation period, but cytosolic pH was not significantly perturbed ( Table 1 ). The extent of the CQ-induced vesicular pH increase was highest in the presence of Suc, intermediate with Baf, and least with CQ alone. At 200 M CQ, toxicity became apparent, with several of the observed trends becoming reversed (Table 1) . Consistent with the large buffering capacity of the extracellular medium, measurements confirmed that CQ treatments with or without Suc or Baf did not alter the extracellular pH (Table 1) .
Organelle Volume and pH also Affect CQ Uptake. The effects of Suc and Baf on the pharmacokinetics of CQ were measured in dose-response and time course experiments.
Upon prolonged incubation, CQ exhibited a time-dependent, gradual accumulation over a 4-h incubation period (Fig. 5) . Suc treatment before CQ incubation led to the most pronounced intracellular accumulation of CQ (Fig. 5A) . Baf inhibited the gradual accumulation of CQ, with cells showing a rapid uptake during the first 5 min, followed by a low, steadystate level during the next 4 h (Fig. 5A) . At 50 and 100 M, CQ accumulation over a 4-h period appeared almost linear in Suc-treated cells as well as in cells that were incubated with CQ alone (Fig. 5A) .
Simulations of CQ Cellular Pharmacokinetics. Computational simulations of CQ uptake with a mathematical model that incorporates volume expansion of acidic organelles, protonated CQ binding to MLBs/MVBs, and use of the measured parameter values as input yielded CQ dose-response and time course traces that were consistent with the experimentally measured values (Fig. 5A) and well within the simulated margins of error based on physiologically relevant ranges of input parameters (Fig. 5B) . The effects of Suc and Baf on CQ uptake paralleled the experimental measurements (Fig. 5A) for 25, 50, and 100 M CQ treatments. Simulation results for 200 M treatments tended to overpredict CQ uptake (Fig. 5A ), which we ascribe to the toxic effects that were apparent at this higher dose. Overall, the accuracy of predicted cellular uptake was good for a wide range of different CQ concentrations, in the presence or absence of Suc or Baf at eight time points, with 70% of the predicted values within a factor of 2 or 86% within a factor of 3 of the measured cellular uptake values (Fig. 6) . Except for the 200 M treatment during which cellular uptake was possibly reduced by the toxic effect, most other discrepancies were observed between predictions and measurements for the first time points when the amount of cellular CQ uptake was closest to the detection limit of the instrument. For comparison, the simulated intracellular CQ mass at the end of a 4-h incubation period was calculated under three different conditions: 1) in the presence of ion trapping but without expanding organelle volumes nor binding of protonated CQ species to MLBs/MVBs (Fig. 5B, green) ; 2) in the presence of ion trapping within expanding acidic organelles but without binding of protonated CQ species to MLBs/MVBs (Fig. 5B, blue) ; and 3) in the presence of ion trapping in expanding acidic organelles, with binding of protonated CQ species to MLBs/MVBs (Fig. 5B, black) . Parameter sensitivity analysis (Supplemental Fig. 2) showed that molecular properties including pK a and logP for the neutral forms or ionized forms; pH and volume in the extracellular compartment; volume in the cytosol; and pH, volume, membrane po- tential, ionic strength, and lipid fraction in the lysosomes were important factors (caused a Ͼ20% change with parameters randomly sampled from physiologically relevant ranges) for CQ uptake. Then Monte Carlo simulations were performed to calculate a distribution of predicted CQ accumulation values based on a range of these input parameters in cells incubated with CQ alone or in combination with Suc or Baf.
The impact of CQ-induced phenotypic effects on the predicted cellular accumulation of CQ was consistent with most of the intracellular CQ accumulation occurring within the expanding acidic (LTG-positive) vesicles. On the basis of the simulations, the volume increase of acidic organelles led to a Ͼ5-fold increase in the predicted intracellular mass (Fig. 5B , green versus blue), whereas adding an MLBs/MVB binding component led to an additional 2-fold increase in intracellular CQ mass (Fig. 5B, blue versus black) . Simulation results incorporating vesicular expansion and CQ binding to MLBs/ MVBs corresponded to the range of measured values (Fig.  5B, black versus red lines) .
The greatest discrepancy between simulation results and experimental measurements was observed in Baf-treated cells. This discrepancy can be ascribed to measurement errors: in Baf, LTG uptake is much reduced and the diameter of acidic vesicles was close to the optical resolution limit of the microscope, so the organelle volume measurements were less precise than for the other conditions. In addition, the accuracy and precision of CQ mass measurement in the presence of Baf was considerably lower than that in the other experimental conditions, because the CQ signal in Baf was almost undetectable.
Discussion
In this study, we used MDCK cells exposed to 0 to 200 M CQ as a physiologically relevant in vitro experimental model to analyze CQ pharmacokinetics in cells of the distal renal tubule. We present quantitative evidence that the phospholipidosis-like phenotypic effect induced by CQ may be responsible for the observed, nonsteady-state intracellular accumulation of CQ. In the process, we elaborated a computational in silico model for simulating how phospholipidosis affects the cellular pharmacokinetics of small-molecule drugs. As a physiologically relevant transport probe, CQ is a weak base drug for treatments of malaria, arthritis, viral infection, and cancer (Djordevic et al., 1992; Pardridge et al., 1998) . Despite its high solubility, CQ has slow clearance, accumulates in kidney (and other organs) Ͼ1000-fold relative to plasma concentrations, and has highly variable pharmacokinetics with the elimination half-life ranging from 20 to 60 days (Ducharme and Farinotti, 1996) . Significant variability in CQ pharmacokinetics have been ascribed to differences in protein binding, but functional differences in renal filtration could also be involved because the drug is mostly cleared by the kidney (Krishna and White, 1996) .
Previous studies established that CQ reached high concentrations inside cells with particularly high levels in the lysosomes (Hostetler et al., 1985) , presumably by the action of a carrier-mediated active transport mechanism. However, although CQ may be a substrate of multiple drug resistance 1 protein (Polli et al., 2001 ) and organic cation transporter-like 2 protein (Reece et al., 1998) , both of these are involved in the excretion of drugs from cytosol to the extracellular medium. No active transporter mechanisms have been found to play a role in CQ cellular uptake. OCT2 plays important roles in the uptake of cationic compounds in the kidney, but chloroquine does not appear to interact with OCT2 (Zolk et al., 2009 ). In fact, unlike uptake of other organic cations that are substrates of an active transporter [i.e., plasma membrane monoamine transporter (PMAT)] (Engel and Wang, 2005) , the cellular uptake of CQ did not depend on the sodium concentration in the extracellular medium (Fig. 4, B and C) . In addition, although low pH in the extracellular medium has been found to stimulate the uptake of PMAT substrates, we found it significantly inhibited CQ uptake. Last, PMAT and OCTs are not extensively expressed in normal, distal tubular cells (Karbach et al., 2000; Xia et al., 2009) . Therefore, all available evidence indicates that CQ crosses biological membranes of MDCK cells by passive diffusion (Fig. 4A) . We found that many pharmacological OCTs inhibitors did not affect cellular uptake of CQ (Fig. 4, A-C) , whereas all treatments that directly affected the cellular vacuolation response did affect CQ uptake.
Microscopically, the appearance of MLBs/MVBs in MDCK cells treated with CQ corresponded to the morphology of kidney cells of CQ-treated patients, as well as that of other cells after exposure to weakly basic, lipophilic drugs (Hallberg et al., 1990; Mü ller-Höcker et al., 2003; Marceau et al., 2009) . The size of the expanded vesicles and the internal vesicles as measured by fluorescence microscopy and transmission electron microscopy were comparable ( Figs. 1 and 2) . The discrepancy between the absolute values of these two measurements can be ascribed to differences in sample preparation as well as the resolution of these two instruments. With fluorescence microscopy, the samples are fresh and immersed in a living cell environment, whereas with EM the samples are dehydrated. Second, for TEM sample preparation, cells are sliced with a ultramicrotome so the diameter of the vesicles in TEM images might not be the actual equatorial diameter. As a result, the measured sizes of the expanded vesicles in TEM images were smaller than measurements from fluorescent images. When the measured sizes of internal vesicles in MLBs/MVBs are compared, the discrepancy in measured sizes was not significant, considering the relatively low resolution of the fluorescence microscopy (1 pixel ϭ 0.047 m in this study).
Meanwhile, a close relationship between CQ-induced volume expansion of LTG-positive vesicles and CQ uptake was observed (Fig. 4, B and C) . Accordingly, we measured the cellular pharmacokinetics of CQ in dose-response and time course experiments. In turn, these measurements were compared with simulation results obtained by modeling intracellular CQ mass accumulation under three different scenarios: 1) in the absence of CQ-induced phenotypic effects; 2) in the presence of expanding acidic organelles; and 3) in the presence of expanding acidic organelles coupled to binding to intraluminal MLBs/MVBs. We found that the latter condition yielded results that were consistent with the measured absolute CQ levels as well as the relative changes of intracellular CQ mass under different experimental conditions. Supporting a role for MLBs/MVBs in the sequestration of CQ, LTG (a weakly basic fluorescent probe that accumulates in acidic organelles due to ion trapping) was visibly concentrated within MLBs/MVBs in the lumen of expanded cytoplasmic vesicles induced by CQ. The inability of 3MA to inhibit the phenotypic effects induced by CQ suggests that jpet.aspetjournals.org the phospholipidosis effects of CQ are not due to an induced, autophagocytic mechanism. Experiments and simulations of CQ uptake in combination with Suc provided evidence that stimulating the phospholipidosis-like phenotype facilitates CQ accumulation. Experiments and simulations of CQ uptake in combination with Baf provided evidence that inhibiting the phospholipidosis-like phenotype decreases CQ accumulation. Last, Raman confocal microscopy confirmed that intracellular CQ accumulates within the expanded, CQ-induced cytoplasmic vesicles with intraluminal MLBs/MVBs, as predicted by the model. Phospholipids such as phosphatidylcholine have very high affinity for protonated CQ (Kuroda and Saito, 2010) , consistent with most of the protonated CQ within the expanded vesicles being bound to the membranes of intraluminal MLBs/ MVBs.
It is also noteworthy that intracellular transformation of CQ into a less membrane-permeant CQ metabolite cannot account for its continuous accumulation in MDCK cells. Previously we demonstrated that intracellular CQ in MDCK cells is mostly present in intact form (Zhang et al., 2010) . Although passive diffusion coupled to ion trapping and phospholipid binding can explain the observed transport behaviors, we also searched for an active transport mechanism driving CQ accumulation. However, the effects of bafilomycin and sucrose, the lack of effect of active transport inhibitors, the correlation between vacuolar expansion and the accumulation of CQ, the pH sensitivity of CQ uptake, the insensitivity to extracellular sodium, and the linear concentration dependence of CQ uptake all made it very difficult to relate the behavior of CQ to candidate active transport mechanisms.
To conclude, our results provide evidence that the phospholipidosis effects of CQ may underlie an inducible, highly effective, intracellular weak base sequestration system. To our knowledge, this is the first study to evaluate the potential effects of phospholipidosis on the cellular pharmacokinetic behavior of a weakly basic molecule. Our simulations and experimental results converged on changes in organelle structure and membrane organization induced by CQ that could profoundly alter the intracellular bioaccumulation and distribution of CQ according to its passive transport properties, leading to the nonsteady-state accumulation behavior. Considering that similar morphological changes are induced by other weak base drugs that accumulate intracellularly, such as procainamide and amiodarone , the phospholipidosis phenotype warrants consideration as candidate, mechanistic determinant of the local (and systemic) distribution and disposition of weakly basic lipophilic molecules in the tissues and organs of the body, especially in cells exposed to high local concentrations of the drug. Passive transport models have been successfully used for developing predictive physiologically based pharmacokinetic models of bioaccumulation and biodistribution of neutral or ionized organic compounds in tissues and organs (Fu et al., 2009; Trapp et al., 2010; Yu and Rosania, 2010) . For weakly basic molecules, incorporation of the cellular pharmacokinetic effects of phospholipidosis may considerably improve physiologically based pharmacokinetic and biodistribution predictions.
